Abstract. The aim of the present study was to uncover the mechanism underlying the neuroprotection of Hemin-mediated neuroglobin (Ngb) in an in vivo model of brain injury. Sixty healthy male Sprague-Dawley rats were randomly divided into 5 groups (n=12, each group): sham surgery, ischemia, Hemin, LY294002 (LY) and Hemin + LY. Focal cerebral ischemia was established by unilateral middle cerebral artery occlusion. Neurological function and cerebral infarction volume were evaluated 24 h following surgery. Expression of Ngb and Akt mRNA was detected by RT-PCR, and the expression of Ngb protein and activation of the PI3K/Akt pathway were determined by western blot analysis. No visible damage in the brain and no neurological impairment in the sham surgery group were observed. When compared with the ischemia group, Hemin treatment induced the upregulation of Ngb and Akt mRNA, Ngb protein and phosphorylation of Akt (pAkt). Hemin treatment also improved neurological functions and reduced infarct volume. By contrast, LY treatment increased infarct volume, deteriorated neurological functions and significantly reduced expression of pAkt; however, Ngb mRNA and protein expression was unchanged. When compared with Hemin alone, a combination of Hemin and LY treatment induced more severe brain damage and markedly decreased the expression of pAkt. The results of the present study demonstrated that the PI3K/Akt signaling pathway, which is associated with cell survival, mediates the neuroprotective effects of Hemin-induced Ngb following cerebral ischemia.
Introduction
Neuroglobin (Ngb) is an oxygen-carrying globin and its high oxygen-binding capacity and specific expression in the nervous system make it an important candidate in the study of novel mechanisms underlying neural repair following cerebral ischemia and hypoxia (1) (2) (3) . It has been reported that hypoxia induces Ngb expression (4) and that hypoxia-inducible factor-1α (HIF-1α) positively regulates Ngb expression (5) . In addition, increased expression of Ngb has been observed in the brain tissue of patients with ischemic stroke (6) . Ngb not only enhances cellular survival by regulating cell signaling via G proteins (7) , but also regulates apoptotic mechanisms associated with hypoxia (8) (9) (10) . A previous study demonstrated that overexpression of Ngb reduces brain injury induced by intracerebral hemorrhage, providing further evidence that Ngb plays a vital role in neuroprotection (11) . In addition, a recent in vivo animal study revealed that exogenous Ngb protein (fused to the 11-amino-acid human immunodeficiency virus transactivator of transcription protein transduction domain) might be efficiently transduced into neurons in the mouse and protect the brain from mild or moderate ischemic injury (12) . The authors reported that Ngb functions as an endogenous neuroprotective factor in brain ischemia (13) .
However, the mechanisms underlying the neuroprotective properties of Ngb and the relevant signaling pathways have not been fully elucidated. Ngb has been identified to specifically bind to the Gα subunit of G proteins, consequently releasing the Gβγ subunit, functioning as a signal transduction factor important for nerve growth factor (NGF)-induced neuroprotection via activation of the PI3K/Akt signaling cascade (14) . Of note, transducin, a specific inhibitor of Gβγ, prevents NGF-induced neuroprotection, consistent with a role for Gβγ in a PI3K/Akt-dependant neuroprotection mechanism (15) , indicating that Ngb may be involved in this process. HIF-1α is induced by ischemia and exerts a neuroprotective effect, at least in part, via induction of insulin growth factor, which activates the PI3K/Akt pathway to exert neuroprotection (16) . As ischemia and specifically, HIF-1α, directly induce Ngb expression (5), we hypothesize that the neuroprotective effects of Ngb are mediated by PI3K/Akt signaling. In the present study, the expression of Ngb and activation of PI3K/Akt was examined in injured brains following focal cerebral ischemia in adult rats and PI3K/Akt signaling was found to be required for the neuroprotective effects of hemin-induced Ngb expression. Animal model of MCAO. Rats were anesthetized in a supine position by intraperitoneal injection of 10% hydrochloride (0.3 mg/kg). The right middle cerebral artery was permanently occluded as described previously, with minor modifications (17) . Briefly, the neck skin of the rat was shaved and sterilized, and an incision was made in the midline of the cervical skin. Next, the right common carotid artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA) were exposed following muscle dissection, and the ECA and CCA were ligated proximally. A small incision was made at the bifurcation of the CCA and a 4-0 monofilament with heated blunt round end (0.3 mm, sterilized by alcohol and soaked with heparin) was introduced ~18-20 cm into the origin of the middle cerebral artery via the right ICA, followed by tight ligation of the monofilament around the CCA. Sham surgery was performed by exposing the carotid artery without occlusion of blood flow.
Hemin-mediated neuroglobin induction exerts neuroprotection following ischemic brain injury through PI3K/Akt signaling
Neurological assessment. Evaluation of neurological function was performed 24 h prior to and following the induction of ischemia and scored on a 4-point scale as described previously (17) . Scale: 0, normal; 1, incomplete stretching of left forepaw; 2, circle to the left; 3, left limbs limping while walking; 4, cannot walk, impaired. Rats exhibiting any of these markers prior to surgery were excluded from the study and rats were then randomly redistributed between groups.
Scores from 1-4 were regarded as successful establishment of the MCAO model. Unconscious rats or animals with a score of 0 or mortality within 24 h were discarded and additional surgeries were performed to reach appropriate numbers of MCAO-positive animals for experiments.
Measurement of volume of cerebral infarction.
Brains were dissected 24 h following surgery (n=6/group) and a total of 6 sections were cut with an interval of 2 mm from Bregma +4.0 to -8.0 mm, excluding the olfactory bulb, cerebrum and low brain stem. The sections were then stained with a 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution (pH 7.4) and incubated for 30 min at 37˚C. The infarct area appeared pale on a background of red 'normal' brain. The sections were fixed with a 4% paraformaldehyde solution. The total volume of each hemisphere and infarction was determined by integration of the distance of the 6 sections. The infarct volume in cubic millimeters was calculated with the following formula: V (infarct volume) = t x (A1 + A2 + ...An), where t represents the thickness of brain sections and A represents infarction area. 
RT-PCR analysis

Results
Mortality.
No animals died prior to tissue harvest in the sham control group, one rat died in the ischemia group, two in the LY group, one in the Hemin group (due to acute pulmonary edema following damage to the vagus nerve during surgery) and one in the Hemin + LY group. No significant difference in mortality was found among groups. Animals that died prior to tissue harvest were excluded from further analyses.
Neurological assessment. No neurological deficit was found in the sham control group (score=0). Other groups presented with neurological impairment to various extents 24 h following surgery. The score in the Hemin group was significantly lower than that in the ischemia group (Table I; P<0.05). By contrast, the score in the LY group was higher than that in the ischemia group (P<0.05), indicating that inhibition of the PI3K/Akt pathway increases the severity of neurological impairment. However, no significant difference was found between the Hemin + LY and the ischemia group ( Table I ), indicating that PI3K/Akt signaling is required for Hemin-mediated neuroprotection.
Treatment with Hemin but not LY294002 inhibits increased infarct volume induced by ischemia.
Since measurement of infarct volume more accurately reflects damage caused by cerebral brain ischemia compared with assessment of neurological functions, infarct volume in the ischemic brains of the rats was measured with or without Hemin or LY treatment. Following TCC staining, no pale area was observed in the brains from the sham surgery group. However, ischemia induced a clear infarct volume (Fig. 1) . Of note, Hemin treatment significantly reduced ischemia-induced infarct volume by ~2 fold ( Fig. 1; P<0 .01), indicating that Hemin had a protective effect against brain damage. By contrast, when compared with rats with ischemia only, pre-treatment with LY294002 prior to ischemia was found to significantly increase ischemia-induced infarct volume ( Fig. 1; P<0 .01). Consistent with these observations, when compared with the Hemin group, pre-treatment with LY in the ischemic rats treated with Hemin significantly increased infarct volume by ~2 fold ( Fig. 1; P<0 .01). These results indicate that inhibition of PI3K/Akt signaling exacerbates ischemia-induced neurological damage. By contrast, when compared with LY alone, rats treated with Hemin and LY revealed a small but significant decrease in infarct volume, indicating that inhibition of PI3K/Akt signaling was incomplete or that Hemin may mediate neuroprotection via additional unknown mechanisms, but not solely through the PI3K/Akt signaling pathway.
Hemin treatment enhances the expression of Ngb and
Akt mRNA. Ngb mRNA expression was low in the sham control group; however, following ischemia, the expression of Ngb mRNA was increased by 64% compared with sham controls ( Fig. 2; P<0 .01). By contrast, the expression of Akt mRNA was decreased by 24% following ischemia ( Fig. 2; P<0.01). Of note, Hemin treatment significantly increased the expression of Ngb and Akt mRNA by 124 and 13%, respectively ( Fig. 2; P<0 .01).
Expression of Ngb protein and activation of PI3K/Akt.
To examine the expression of Ngb protein and activation of PI3K/Akt, western blot analysis was performed. The expression of Ngb protein 24 h following ischemia was increased by 102% and the levels of pAkt were decreased by 55% when compared with sham controls. Hemin treatment increased Ngb and pAkt by 47 and 91%, respectively ( Fig. 3 ; P<0.01), whereas LY treatment inhibited pAkt levels but not Ngb expression (Fig. 3, P<0 .01). When compared with Hemin treatment, the combination of Hemin and LY treatment inhibited the increased pAkt levels induced by Hemin treatment alone by 50% ( Fig. 3; P<0 .01). When compared with LY alone, the combination of Hemin and LY treatment induced an increase in pAkt and Ngb expression by 162 and A B 31%, respectively ( Fig. 3; P<0 .01). These results indicate that PI3K/Akt signaling has no effect on Ngb expression, but that Hemin treatment, presumably through Ngb, is able to overcome the ischemia-induced reduction in PI3K/Akt signaling and partially reverses the effects of LY treatment. These results are consistent with our model indicating that PI3K/Akt signaling is a downstream mediator of Ngb neuroprotection.
Discussion
Ngb is a globin mainly found in neurons, which is capable of reversibly binding oxygen. It is widely expressed in the vertebrate cerebral cortex, hippocampus, thalamus, hypothalamus and cerebellum (18) . Ngb expression in different regions is negatively associated with sensitivity to oxygen. Upregulation of Ngb expression has been observed to varied extents in response to various pathological conditions, including cerebral ischemia, hypoxia, oxidation and toxicity. Ngb serves as an endogenous neuroprotection factor to enhance tolerance of brain tissues in response to ischemia and hypoxia. It has been revealed that Hemin, a porphyrin containing ferric iron with a chlorine ligand, specifically induces upregulation of Ngb in nerve cells (19) . In the present study, intraperitoneal injection of Hemin prior to ischemia enhanced Ngb mRNA expression in rat brains and reversed ischemia-induced neurological impairment and infarction volume. These observations further demonstrated that Ngb had neuroprotective effects on focal cerebral ischemia and that PI3K/Akt signaling functioned downstream of Ngb in this pathway.
However, the mechanisms underlying improvement of neurological function and prognosis via endogenous Ngb remain unclear. Currently, three hypotheses exist: i) Ngb plays an important physiological role in oxygen absorption, usage and transportation of oxygen to the mitochondria (13) ; ii) Ngb protects cells via clearance of reactive oxygen species produced by oxidative stress (20) ; and iii) Ngb serves as an oxygen sensor to regulate intracellular signal transduction according to changes in oxygen concentration (7, 21) . It is important to determine which, if any, of these mechanisms are important for Ngb-mediated neuroprotection in future studies.
Signal transduction pathways associated with apoptosis following cerebral ischemia mainly include mitogen-activated protein kinase (MAPK) and PI3K/Akt. It has been hypothesized that MAPK plays a role in regulating apoptosis (22) , whereas PI3K/Akt is mainly involved in cellular survival (23) . It is known that multiple neurotrophic factors exert neuroprotective effects by inhibiting apoptosis via activation of PI3K/Akt (24) . Since it has been previously demonstrated that PI3K/Akt is downregulated in ischemic penumbra within 24 h of infarction (25) , it is likely that PI3K/Akt is important for the processing of neurological damage. Thus, it appears that Ngb activation of PI3K/Akt signaling is a mechanism underlying Ngb-mediated neuroprotection.
The results of the present study indicate that Hemin not only upregulates the expression of Ngb mRNA and protein, but also increases levels of pAkt. In addition, Hemin was found to reduce infarct volume and improve neurological functions. By contrast, administration of the PI3K/Akt-specific inhibitor, LY294002, prior to ischemia increased infarct volume and exacerbated neurological damage, demonstrating the congruence of Ngb and PI3K/Akt function in this system. RT-PCR and western blot analysis revealed that inhibition of PI3K/Akt had no effect on expression of Ngb mRNA and protein, respectively, but it is required for the effects of upregulation of Ngb expression, indicating that PI3K/Akt functions downstream of Ngb in the signaling pathway associated with neuroprotection. In conclusion, this study delineates a novel mechanism underlying Ngb-mediated neuroprotection, which provides a theoretical basis for the clinical application of Ngb and also demonstrates that PI3K/Akt signaling may represent a novel target for therapeutic intervention in hypoxic brain injury. 
